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Neutron EDM search!
•  a finite permanent electric dipole moment of the neutron  =  

new CP physics!
•  current limit:  |dn| < 3.0 ×10−26 e cm C.A. Baker et al, PRL 97, 131801 (2006).!

–  stored UCNs + 199Hg comagnetometer!
•  SNS neutron EDM experiment: improve limit by 2 orders 

of magnitude!
–  generate UCNs in superfluid 4He!
–  polarized 3He acts as comagnetometer and n spin analyzer!
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nEDM cells!
•  nEDM cells are planned to be constructed from acrylic, coated with 

deuterated-polystyrene (dPS) + deuterated-TPB!
•  It is crucial that the cell has a long 3He polarization lifetime (verified to be ~ 

25000 s for dPS+dTPB), long UCN storage time, and that the cell walls act 
as efficient light guides!

•  UCN storage time in a bottle:!

!
!
–  hole loss:!
    for hole loss time ~ 2000 sec in a 3 L bottle, need holes/gaps to controlled to ~ 1.5 mm2!

–  wall loss:!

   = average UCN loss probability per bounce!
λ = mean free path = 8 cm, V=160 neV for dPS!
f  is a material dependent “wall loss factor”!
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Wall loss factor!

•  Ideally, want f ~ 10–5!

•  room temperature f are typically > 10–4 due to H 
upscattering!
–  reduced by going to low temperature !
–  nEDM experiment will operate below 1 K!

part we need rather low oscillation frequencies below
10 meV. Moreover, the peak should be strong enough to give
a contribution to the cross section, which is comparable with
the higher frequencies. Otherwise switching on of the higher-
energy branches will break the almost linear increase as the
optical branch does in the Cu-H model. Such spectra are
rather unusual for metal hydrides but typical for the intermo-
lecular vibrations of molecules weakly bound to a crystal.
We use m /M=1/7 to show that this value gives reasonable
cross section values for a single oscillator. In reality it could
be either carbon or/and oxygen always found in the top
layer.
Thus, we naturally arrive at another, more realistic model

of the UCN upscattering on the surface, that is, neutrons
upscattered by a hydrogenated film or surface clusters with
Fermi potential VF close to zero. The UCN loss rate will
obey a 1/v law and even a small amount of hydrogen could
imply a significant upscattering rate. A similar situation was
observed in stainless steel with UCN capture by Ti nuclei.
1% of Ti gave rise to the same capture rate as 50% of Fe due
to the presence of clusters with VF=36 neV compared to the
average VF=185 neV of the stainless steel.13,42
Light hydrogenated molecules always present on the sur-

face include, for instance, water. It turns out that the gener-
alized density of states Gice!!" of ice indeed has a strong
low-energy band with a peak at 7 meV.43 To calculate the
cross section we still could use formula (3), neglecting the
multiphonon contribution that is about a few percent at
300 K.44 Both the generalized vibrational density of state
Gice!!" and "ie!T" are shown in Fig. 6. The temperature
dependence looks linear and "ie!300"=4 b. This value is in a
good agreement with the !n ,#" estimation and the shape of
the low-temperature part is in good agreement with the ex-
perimental data.
Now let us estimate the loss probability using the simplest

model of a monoenergetic neutron interacting with a film
VF
f $EUCN and on a substrate with VF

s %EUCN. As was shown
above, the temperature-dependent contribution from H-Cu

can be neglected. The absorption in Cu is temperature inde-
pendent. Therefore, we can neglect interaction with the sub-
strate and write the probability of the upscattering in the film
as

& film = "ie!E"N#2d + I!'/d,E/VF
f "$ , !9"

where N is the volume density of hydrogen nuclei, d is the
film thickness, ' is the UCN wavelength, "ie!E" is the cross
section of neutrons with energy E=EUCN!VF

f in the film, and
I!' /d ,E /VF

f " is an oscillating interference term. Since the
latter must be averaged over the total surface with various
' /d, we can neglect it and use the formula

& film = 2"ie!E"n , !10"

where we replaced the term Nd by the surface density n.
Thus, in this model the loss rate is independent of the inci-
dent angle and equal to 1/(=& film%)&. As a result, & film is
larger than probability &H,Cu derived using the subbarrier
model since here we do not have an additional factor f .
Again, we see a quite good agreement between the calculated
and experimental curves in Fig. 7.

V. SUMMARY

We reported a study of the temperature dependence of
ultracold neutron upscattering carried out under ultrahigh-
vacuum conditions and temperatures ranging down to 4 K.
In addition to an oil-free pumping system, we used large-area
cryopumping surfaces at both 77 K and 4 K to avoid cryoad-
sorption on the storage surface. Two states of the surface of
the copper bottle were studied—after an ultrasonic wash in
distilled water and after chemical cleaning and annealing +
deuteration in heavy water vapor. Since the latter procedure
made the surface hydrophobic and we carried out heating of
the sample up to 450 K, we can attribute the T dependence to
chemically bound hydrogen. The main observation of our
experiment is a linearlike temperature dependence of the up-
scattering cross sections in the whole temperature range in-
cluding the interval between 4 K and 77 K for both samples.
For the deuterated surface the low-temperature measurement

FIG. 6. Generalized density of states G!!" for Cu(calculated)
and ice Ih [from inelastic nuclear scattering data (Ref. 43)]. The
inset shows "ie!T" calculated using G!!" of ice. The oval shows the
range of "ie!300" estimated from !n ,#" study.

FIG. 7. Loss probability per collision calculated with "ie!T" of
ice and derived from experiment for the film model.

TEMPERATURE DEPENDENCE OF ULTRACOLD NEUTRON… PHYSICAL REVIEW B 70, 035409 (2004)

035409-7

Korobkina et al, PRB, 035409 (2004)!

Cu storage bottle!
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LANL UCN storage time tests!
•  utilizes currently operating 

LANSCE UCN source!
•  test wall coatings and cell 

construction for UCN 
storage!

•  cells will eventually be 
tested for 3He+UCN 
performance at NCSU/
PULSTAR!

UCNA!

nEDM storage time!

SD2 UCN source!

pre-polarizing!
magnet!
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Storage time measurement apparatus!

storage cell 
assembly!

valve assembly!

cold guide!
section!

pneumatic actuator!

valve open!

0 200 400 600 800

time

1

10

100

1000

C
o

u
n

ts

200 sec. hold time

400 sec. hold time

600 sec. hold time

stored UCN!
filling!

cell 
closed!

cell 
opened!



7!

20 L test cells!

•  started with 8x8x26”, 20 L volume test cells!
–  nEDM cells planned to be 3 L, 7.5x10x40 cm!
–  larger cell makes any valve gap losses less important!

•  uncoated acrylic plates were first glued together, then 
slosh coated with dPS in d-toluene!

7!

• 3 cells were built and 
tested with UCN!
–  Oct 2010, Dec 

2010, June 2011!
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20L cell data!

Oct2010!
Dec2010!

Storage curve, cell T ~ 45 K!

June2011!

•  Oct 2010 cell had long (>24 hour) exposure to d-toluene during coating, 
probably dissolved acrylic into wall coating!
•  Dec 2010 cell had thin areas of dPS coating that could have given 

tunneling losses!
•  June 2011 cell possibly had a small patch with a lower potential!
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Transition to 3L nEDM-sized cells!
•  3” x 4” x 40 cm, 1cm diam. entrance hole in middle of a 

long face – same dimensions as eventual nEDM cells!
•  demonstrated < 0.001” valve gap in 20L cells!

–  0.001” valve gap would give 4000 s hole loss time in 3L cell!

•  dPS+dTPB coating, applied with “swing” method!
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will occupy the clearance and leave a coating on the inner surface when the liquid falls back down.

The bottom part of the acrylic cell is coated by putting liquid onto it and then tilting it to let the

liquid drip out. After the coating, the top-middle and bottom parts of the cell are dried out and glued

together using stycast 1266.

2 New Coating Procedures for Flat Acrylic Pieces

The nEDM experimental cell is rectangular, which has six sides and needs to be coated separately and

glued together. A “Swinging method” is developed to coat the acrylic pieces. As described in Figure 2,

the bottom of a shallow culture container is filled with dTPB-dPS liquid. The acrylic piece is attached

to a rod, immerged in the liquid and swung to one side to let the liquid drip down. Some test pieces

are already made and atomic force microscope (AFM) shows very smooth surface after the coating.

Figure 3 shows the AFM images of the acrylic cells using the old and new coating procedure. The

Z-range of the acrylic surface using the old coating method is ∼700 nm while the number is reduced to

only 16 nm by using the new coating procedure.
3
He relaxation time measurements using rectangular

acrylic cells with the new coating method will be performed. It remains to be seen how sensitive

depolarization probabilities are to surface preparations. Measurements have shown that surfaces with

smoother AFM images provide better target performance both in terms of smaller depolarization

probability from the wall as well as smaller deuterium/hydrogen recombination probability from the

wall (1). This needs to be demonstrated in the
3
He case.

Figure 2: “Swinging method” to coat the acrylic pieces.

2

Swing coating!

•  technique developed during 
3He wall depolarization studies 
(Gao, Golub, Ye)!
• plate is dipped into d-toluene

+dPS/dTPB solution, swung 
out very slowly and smoothly!

!
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Coating thickness!

•  coating thickness is checked with a 
spectral reflectometer!
•  thickness > 100 nm to avoid 

tunneling losses!
•  1-2 microns is adequate for light 

production!
•  have seen crazing after temperature 

cycling when > 4 microns!
!
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Cell gluing!
•  glue: deuterated MC-Bond !

–  methylene chloride (81%), methyl methacrylate (14%), 
acetic acid (5%)!

•  joints are optically clear, mostly bubble-free, have survived 
multiple cryogenic cycles without cracking!
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First 3L cell data!
•  3L test cell coated with dPS+dTPB, glued with deuterated-MCbond, 

UCN data from Aug.19-23, Sept. 11-13, and Oct. 5 (2012)!

!
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•  velocity dependent wall 
loss fit indicates avg. 
loss per bounce of:!
7x10–3 at room temp.!
1x10–4 at 15-90 K !
(goal is ~ 10–5)!

•  between Sept. and Oct. baked cell at 50 C for 2 weeks, purged with Ar gas 
several times!
–  reduced cell outgassing by 10x, possibly gave a small improvement in 

storage!
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Comparison to 20 L data!

•  20 L data volume scaled by 3/20, all curves 
normalized to 150 gate valve cts/sec (open)!
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Summary!

•  making progress on cell construction strategy for nEDM!
•  wall loss values from fit depend on understanding the UCN 

velocity spectrum!
–  divergence at longer storage times indicates an issue with 

the v-spectrum, or a different loss mechanism:!
•  could have a 0.001” gap along a glue joint with potential < 100 neV !
•  also investigating vibrations, surface roughness issues…!

•  suspect issue with glue joints!
–  some small gaps/bubbles were visible along inside edges!
–  covered over these edges with a bead of coating liquid 

inserted with a syringe!
–  may help to do additional overcoating along the glued 

edges !


